Ion Bernstein waves (IBWs) have been proposed as useful for heating and improving transport in tokamak plasmas. The experiments carried out so far have not provided a sufficient assessment of this concept, due to the occurrence of parasitic phenomena that caused poor reproducibility of IBW heating and confinement effects. An experiment on FTU has given the first test of IBW coupling to a tokamak plasma by a waveguide antenna utilized in place of the standard dipole antenna. In addition, the experiment operates at a high frequency that is expected to reduce the non-linear wave-plasma interaction at the edge. These phenomena were considered to be the cause of the lack of RF power penetration in the plasma bulk and of the production of impurity influx. The possible IBW experimental scenarios expected for the FTU plasma are described. To perform this analysis, quasi-linear and non-linear models are utilized for the wave propagation, damping and turbulence suppression suitable for transport barrier formation. As a result of this study, FTU is expected to be a useful facility for testing the IBW concept for advanced tokamaks.
Introduction
A great deal of experimental work has been dedicated to testing the scheme of the ion Bernstein wave (IBW) excited by a slow wave for fusion plasma heating, see Ref. [1] for a review. In the IBW scheme, RF power is carried in the tokamak plasma core by the lowest temperature IBW mode. This is a hot plasma wave that is coupled at the cold lower hybrid (LH) resonant layer by mode conversion of an externally launched slow electron plasma wave. The IBW power propagates on the low field side of an ion cyclotron harmonic resonant layer and it is coupled directly to the thermal ions by the ion cyclotron damping that occurs near a resonant layer [2, 3] . The IBW power available for the plasma ions can induce a ponderomotive E ×B sheared flow [4, 5, 6, 7, 8, 9] . This effect is provided by IBWs more efficiently than by other waves, due to a peculiar feature of IBWs, whose RF power flux is carried mainly by the kinetic contribution of the coherent motion of the particles in the wave field. Nevertheless, electron Landau damping (ELD) limits the RF power available for the ions, owing to the broad launched parallel wavenumber spectrum. IBW damping on electrons is further enhanced by the effect of toroidal geometry [10] . Therefore, IBW damping on plasma electrons must be carefully evaluated in order to determine the IBW power available for the bulk ions.
The measure of the sheared flow during the IBW experiment on TFTR gave some support to this model [11] . The expected sheared flow can suppress electrostatic turbulence [4, 12, 13] . The occurrence of such an effect is consistent with the improved confinement observed during the IBW experiment on PBX-M [14, 15, 16, 17] .
Plasma heating and confinement improvement were previously obtained by the IBW experiments carried out on PLT [18] and Alcator C [19] . Different results were obtained in more recent IBW experiments. No plasma heating and confinement improvement were found during the experiments carried out on DIII-D [20, 21] and TFTR [22] . In the JIPP2-U [23] and PBX-M [14] experiments, an improvement of confinement was found. However, in PBX-M only a few hundred kilowatts were coupled, despite the power (megawatts) available, due to the IBW induced strong density increase eventually leading to plasma disruption.
A correlation between the RF power absorption at the plasma edge and the intensity of the parametric instability activity was found in DIII-D [20] . Non-linear interactions of the RF power with the plasma edge, such as RF sheaths and parametric instabilities, can produce poor IBW penetration in the bulk and impurity influxes. This is what inhibited the reproducibility of successful IBW results obtained in previous experiments [24, 25, 26] . Non-linear edge phenomena occur as a consequence of the onset of a strong turbulence regime. This regime arises when the energy density of the launched electrostatic wave exceeds the local plasma energy density. This regime can be accessed more easily while operating at low frequency, owing to the dependence ω −2 0 (ω 0 /2π is the operating frequency) of the RF energy density, which makes it much higher than the local thermal energy density in the plasma periphery. Utilizing operating frequencies all in the range of 100 MHz, all IBW experiments performed so far have met the condition of strong turbulence at the edge. In addition, all experiments utilized a standard loop antenna located inside the vessel. As a result, it was impossible to test a robust and safe method allowing the achievement of the necessary control of the operating plasma edge conditions.
The IBW experiment on FTU operates with a toroidal magnetic field of 7.8 T and a frequency of 433 MHz. This corresponds to having the fourth ion cyclotron harmonic in the core of a hydrogen plasma [27] . The operating frequency is the highest utilized so far in an IBW experiment. In addition, a waveguide antenna is used in place of the standard loop antenna. As shown in the present article, these special features allow the FTU experiment to explore experimental scenarios not dominated by non-linear plasma edge phenomena. Thus, the IBW FTU set-up can be considered as the ideal system facility presently available to test the IBW concept in the advanced tokamak regimes.
The attractive feature of the IBW is its ability to penetrate a hot dense fusion plasma without significant attenuation, providing a direct coupling to the thermal ions at the ion cyclotron resonance layers. This particular feature is due to the electromagnetic effect that reduces the electron Landau damping (ELD) of the IBW in high β plasmas [1, 3, 28] . So far, no evidence of such an effect has been found experimentally. The analysis of the electromagnetic ELD reduction expected for FTU has been included in the present article. Moreover, the analysis of IBW propagation, damping and plasma transport, obtained by analytical and numerical calculations, is presented. The FTU experimental parameters for a typical ohmic plasma target (Table 1 ) have been considered.
The article is organized as follows. In Section 2, linear wave propagation and damping are discussed. The electromagnetic features of IBWs, arising in plasmas with finite β, are considered. Quasi-linear ray tracing calculation results, obtained in toroidal geometry using a coupled ray tracing Fokker-Planck code, are presented in Section 3. Quasi-linear wave damping on minority ions, non-linear wave absorption driven by IBW self-interaction and ponderomotive induced E×B sheared flow are discussed in Sections 4-6. The parasitic non-linear phenomena relevant for antenna coupling, wave propagation and impurity release are summarized in Section 7, followed by comments and conclusions in Section 8.
Slab analysis
The main features of the IBW propagation and absorption are discussed through the numerical solution of the full Central temperature T e = T i = T 0 1.5 keV Limiter temperature T e = T i (= T ) 50eV Vessel temperature T e = T i (= T ) 10eV n e = n ea + n e0 ( 
Exponential profiles in the L n , L T ≈ 1 cm scrape-off plasma Magnetic field on-axis B 0 7.9 T 4 cH resonant layer location x = r/a = 0.31 9 cD resonant layer location x = r/a = 0.67 Plasma current 0.5 MA Figure 1 . Imaginary part of the perpendicular wavenumber generated by a numerical solution of the full electromagnetic and electrostatic dispersion relation for different plasma densities. In each run, all the plasma parameters were kept constant and the density was varied. The assumed parameters are T e = T i = 700 eV, B 0 = 5.5-6 T and n = 5.
hot electromagnetic dispersion relation in a slab plasma. An analytical calculation of the electromagnetic ELD is summarized in Appendix A. A comparison with the result obtained in the full electrostatic approximation is shown in Fig. 1 for different plasma densities. In each run, the density is varied while all the other plasma parameters are kept constant. The following are assumed: T e = T i = 700 eV (which corresponds approximately to the temperature at the resonant layer which is located off-axis in FTU), a confinement magnetic field in the range B 0 = 5.5-6 T and a fixed parallel wavenumber n = 5. In Fig. 1 and when at least a factor of 5 reduction of the perpendicular wavenumber imaginary part occurs. This is due to the finite β effect. Therefore, this feature of the electromagnetic dispersion relation can contribute to the reduction of the IBW damping on electrons in the FTU plasmas when operating in the high density (by pellet injection) and high temperature regimes. These are foreseeable scenarios accessible through synergy with the lower hybrid (LH) 8 GHz existing heating system. Conversely, considering a simple ohmic FTU plasma (low β), electromagnetic effects do not contribute to the reduction of ELD. Such a result is obtained by comparing the analysis performed utilizing both the full electrostatic and the electromagnetic dispersion relations.
In addition, IBWs do not show any significant electromagnetic damping on ions at the resonant layer. Therefore, IBWs mainly exhibit electrostatic behaviour in the FTU regime considered.
The n power spectra radiated by the IBW waveguide antenna are shown in Figs 2(a)-(c), which correspond to the following waveguide phasings: (a) 0-0, (b) 0-π/2, (c) 0-π . In the present article, when not differently specified, the 0-π/2 phasing has been assumed for calculations. In FTU, the IBW antenna fits one port, and consists of two waveguides whose dimensions are L y = 0.4 m and L z = 2 × 0.04 m. The results of a coupling analysis are presented in Refs [29, 30] .
The solution of the IBW dispersion relation in the FTU plasma slab is described below. In Fig. 3 , the real ( Fig. 3(a) ) and imaginary ( Fig. 3(b) ) parts of n ⊥ , for n = 6, are plotted versus x = r/a (a is the plasma radius). A complete mode conversion from an electron plasma wave to an IBW is expected to occur at the cold LH resonance layer (located at x ≈ 0.92) without damping. Such a result has been checked by full wave analysis in a wide range of plasma parameters and parallel refractive indexes [29] . As a result, WKB and full wave analysis provide the same behaviour assuming n 1. The analysis supports the conclusion that no damping occurs at the IBW mode conversion [31] . The ion damping occurs mainly at the resonant layer, as evident in Fig. 3(b) . Here, T e = 0 is assumed (dashed curve) to make more evident the ELD contribution versus the ion damping.
To complete the slab analysis, the amplitude of the electric field related to the n component of the launched RF power spectrum is calculated by conserving the total RF power flux (Poynting theorem),
Σ(r) is the area of the grill image along the radius, calculated on a given magnetic surface r = const, with the normal vector n perpendicular to the magnetic surface,v g = ∂H
Re
/∂k is the normalized group velocity, H Re is the electromagnetic dispersion function (see p. 54 of Ref. [3] ), P (θ, n ) is the coupled power spectrum in the parallel wavenumber and in the poloidal angle (cos 2 θ behaviour is assumed), and k I m ⊥ is the spatial damping rate which comes from the solution of the complex dispersion equation. In Fig. 4 , the radial profile of the squared RF electric field amplitude is shown. The squared RF electric field amplitude increases strongly near the LH resonant layer. On this layer, in fact, the perpendicular component of the group velocity goes to zero, i.e. the group velocity tends to be oriented along the magnetic surface r = const. In Eq. (1), it is possible to recognize the singularity of the field in that point [32] . In this region, the WKB analysis breaks down and only a full wave approach is allowed to determine the electric field [30, 33] . A comparison with a full wave analysis was performed [29] , confirming the electric field behaviour shown in Fig. 4 . If the IBW mode conversion layer is located in the scrape-off plasma, strong turbulence effects will probably occur in this region. With a high electric field, the threshold for the onset of non-linear phenomena can be easily exceeded (Section 7). At the ion cyclotron resonant layer, the field drops to zero owing to the ion damping.
The IBW power available for ion damping at the resonant layer is also calculated. Two temperature profiles have been considered. One is shown in Table 1 , and the other is the experimental profile obtained during the initial IBW FTU experiment [34] . Such a profile, which pertains to typical low ohmic input FTU plasma targets, is more peaked than the one of Table 1 . The slab analysis, which will be completed in the next section in toroidal geometry, is useful to determine the possible role of IBW in producing the heating and confinement effects observed during the experiment. In Fig. 5 , the profiles of the cumulative power damping (curves a) and the power deposition (curves b) are plotted. A fraction of the coupled power is lost on the electrons (≈30%) in the outer plasma region x 0.9 due to the high n portion of the launched spectrum. Owing to the overall ELD, considering the T e profile shown in Table 1 (1 keV T e 1.7 keV for 0.6 x 0.4), the IBW power available for the ion cyclotron damping at the resonant layer is about ≈30% of the coupled power. Assuming the more peaked profile (0.5 keV T e 1 keV for 0.6 x 0.4), a lower ELD occurs, thus increasing the IBW power available for ion damping (≈40%). This IBW power is available for inducing sheared flow (Section 5) and it is fully absorbed at the first passage at the ion cyclotron harmonic layer, which is located at r/a ≈ 0.31.
Ray tracing calculations
The effect of toroidal geometry on the IBW propagation is discussed in the present section. This analysis is based on the numerical as well as the analytical solution of the ray Fig. 2(b) . In the LH IBW mode transformation the WKB method fails in a very narrow layer (dotted line). However, the plotted values in this range are confirmed by the full wave (see text). tracing equations for the position r and wave vector k of the propagating IBW. The full electrostatic dispersion relation has been used in the ray tracing equations and quasi-linear theory has been assumed in the electron damping calculation, linear ion damping is also considered. Details on the analytical solution of the ray tracing equations, published in Refs [10, 35] , will be given in Appendix B. The main result of the ray tracing analysis is the determination of the parallel wavenumber behaviour along the trajectory. The parallel wavenumber is an oscillating function whose amplitude increases along the trajectory. The frequency and amplitude are determined by the plasma parameters and the poloidal angle of the wave injection. This effect on the parallel wavenumber can enhance the wave damping on electrons, producing a peripheral absorption of the coupled RF power.
The result for the IBW FTU experiment is summarized in the following figures. In Fig. 6(a) , the poloidal projection of a bundle of 100 rays starting at the plasma edge is shown. Each ray corresponds to a different value of the parallel wavenumber radiated by the waveguide antenna so that all the rays fill the whole power spectrum. The electron plasma wave (EPW) is excited by the antenna just before converting into an IBW (the dashed curve shows the location of the cold lower hybrid resonance layer). The IBW propagated up to the ion cyclotron resonant layer with a moderate spread in the poloidal direction. In Fig. 6 (b), the equatorial projection of the rays is plotted. The wave travels in the toroidal direction along a distance which is of the order of the plasma radius before converting into an IBW. In Fig. 7 , the parallel wavenumber profile is shown for all the rays exhibiting the oscillating behaviour found by analytical integration of the ray equations [32] .
The ray tracing equation solver has been coupled with a 2-D (in velocity space) relativistic Fokker-Planck code. The Fokker-Planck code allows the electron distribution function calculation at any spatial location as modified by the external IBW electric field. In the zones where the field is active, the distribution function will be distorted with respect to the unperturbed Maxwellian and, therefore, the wave damping on the electron species will be modified. The power deposition and current drive profiles are outputs of the calculated quasilinear IBW damping. An outline of the quasi-linear approach utilized to study IBW propagation and electron absorption is given in Ref. [36] .
The present analysis is based on the following scheme. The ray trajectories for each component of the wave spectrum (n 0j ) are calculated. With each ray is associated an initial amount of power as given by the power spectrum. After dividing the plasma radius into M layers, all the starting rays are propagated from the antenna radial position to the first magnetic surface. There, the resonant velocity extension in the parallel direction v and the IBW quasi-linear diffusion coefficient are calculated in velocity space (the IBW electric field is essentially electrostatic and polarized along the external magnetic field direction),
where |E (r, θ, n )| 2 is the squared amplitude of the Fourier analysed IBW parallel electric field, ν ee is the electronelectron collision frequency, v the is the electron thermal velocity (v the = (kT e /m e ) 1/2 ), and r and θ are the radial and the poloidal angle co-ordinates.
r is the image of the antenna's area over the magnetic surface. Owing to β pol < 1, the magnetic surfaces are almost circular and concentric in FTU. This provides an important simplification in the calculation of the trajectories, which will be performed in cylindrical co-ordinates. The total area of the considered magnetic surface is
The quasi-linear diffusion coefficient in Eq. (2) is normalized to the collisional diffusion and averaged over the magnetic surface considered. The quasi-linear damping rate can be expressed in the following way: 
H Re is the electrostatic IBW dispersion function and f e is the electron distribution function, calculated using the Fokker-Planck code and normalized to the quantity C = 1/(2π 3/2 v 3 the ). As a check, the linear damping rate is also calculated considering a Maxwellian electron distribution function. The quasi-linear damping can be weaker or stronger than the linear damping due to the RF effects on the distribution function. The Fokker-Planck code supplies the electron distribution function f e (v ⊥ , v , r), as well as the absorbed power and driven current densities. The total absorbed power can be obtained by integrating over the plasma volume. For FTU, the quasi-linear damping on electrons is shown in Fig. 8 . The T e profile as in Table 1 (solid curve) and the peaked T e profile as in Section 2 (dashed curve) have been considered. The IBW power deposition profile on plasma electrons is shown in Fig. 9 . The peaks of the absorption are localized around the maxima of the n , owing to the toroidal geometry effects. A remarkable distortion of the distribution function with respect to the unperturbed Maxwellian is caused by the n evolution. When the oscillating parallel wavenumber reaches the value ±10 (at x ≈ 0.6) (Fig. 7 ) the ratio v /v the ≈ 3, where v is defined as v = c/n . This value corresponds to the breaking point (v /v the ≈ 3) of the Maxwellian distribution function. In this condition the thermal electrons are extracted by the RF field and accelerated at higher velocities.
About 40% of the coupled RF power is absorbed at the plasma edge (about 30% was found in the slab linear analysis in Section 2), see Fig. 8 . The fraction of IBW power available for ion absorption is about 30%, with no strong effect due to the different T e profiles considered. Such a result is obtained assuming the launching poloidal angle θ 0 = 0. The RF power poloidal distribution (cos 2 θ) of the waveguide antenna has been taken into account considering several poloidal injection angles. As a result, about 25% total IBW power is available for the ions. The effect of a different launched n spectrum produced by 0-π waveguide phasing has been considered. A further 20% IBW power reduction occurs in this case. In conclusion, for the assumed operating conditions of FTU, about 20-30% IBW coupled power is expected to be available for the ions.
The IBW interaction occurs mainly on thermal ions, whose distribution function can be assumed to be only weakly distorted by the quasi-linear effects. Indeed, the peak RF energy density deposited on the ion species near the resonant layer is almost two orders of magnitude lower than the plasma energy density. Therefore, the ion damping rate is calculated in the framework of the linear theory and can be expressed as [10] i
where
In Eqs (4) and (5), is the inverse aspect ratio, ρ i is the ion Larmor radius, x is the distance from the resonant layer and x res is the radial position of the resonant layer. The ion damping of IBWs is concentrated near the harmonic resonance. In this case. the coefficient α(x res ) → 0 and the function erfc → 1/ √ π . The fraction of transmitted power becomes (4)), the exponential argument being ordered as 10 3 . Therefore, the IBW power propagating up to the resonant layer is available for full absorption on the bulk ions, at the first passage.
The synergy of IBW and LHCD is considered below in the framework of the quasi-linear theory [36, 37] . IBWs can be used in conjunction with LH waves to aid the localization of the non-inductive current generated in the regime of LHCD. The quasi-linear modification of the distribution function is calculated consistently as a result of the simultaneous presence of both waves on each magnetic surface. In the following, the application of this model to a foreseeable FTU scenario of combined LH/IBW injection is described. In regions where a quasi-linear modification of the distribution function due to IBW injection occurs, a broadening of the electron distribution shape along the v (x)/v the axis is produced. Figure 10 shows the effect of the quasi-linear damping of an LH wave on the distribution function broadened by the IBW and compares it with the damping on the Maxwellian at the radial location of the first IBW n (x) maximum (x = 0.58). Figure 10 also shows the interval of v (x)/v the of the FTU LH wave spectrum as calculated by the ray tracing code at the same radial location. In the Maxwellian case, the lower boundary of the LH wave v (x)/v the spectrum is intersecting the distribution function at a low level, therefore producing a relatively small tail of fast electrons. Conversely, in the presence of the IBW induced broadening of the distribution function, the point of intersection is at a level two orders of magnitude larger. This shows that the IBW electron damping produces a local increase of the LHCD efficiency which results in the generation of spatially localized current channels. Although this effect was observed in a specific experimental scenario on PBX-M, a systematic scan in the equilibrium and wave parameter space was not performed. The FTU configuration has the unique capability for exploring this regime and the potential of the two wave launching systems combined. The results of these experiments will show how effectively the two systems work together in modifying the current density profile, highlighting the possible applications to the field of MHD activity control.
Quasi-linear diffusion on minority ion species
The IBW damping at the resonant layer of minority ion species is calculated in the framework of the quasi-linear theory. The steady state analytic solution of the 1-D Fokker-Planck equation is considered for the ion distribution function in a slab plasma [38] :
where x is the radial distance from the resonance, v is the absolute value of the velocity, N min is a normalization factor such that the integral +∞ −∞ dv f i equals the particle density of the minority ions at the resonance n r and
The functions (u) and (u) are related, respectively, to collisional diffusion and to the quasi-linear diffusion due to the IBW electric field amplitude E(x) [38] . Their explicit expressions are
where n f is the particle density, λ is the Coulomb logarithm, the subscript f designates the background plasma particles, both electrons (f = e) and ions (f = i) of mass m f and charge Z f e, J n is the Bessel function of order n and R is the ion cyclotron frequency at the resonance. The wave absorption is calculated through numerical solution of the nonlinear equation [39] 
The spatial damping rate γ (x, E 2 ) (defined in the direction set by the wave packet group velocity) is given by
where y is the distance from the resonant layer,
th f/n r . H I m is dominated by the minority ion contribution, and the derivative ∂H Re /∂k r is dominated by the majority ion and electron contributions. The initial condition is found with E(x 0 ) = E 0 , where E 0 is the wave electric field amplitude far from the resonance, i.e. at a distance x |k |v thi R 0 /ω. Quasi-linear IBW damping on a deuterium minority has been calculated for the FTU experiment. As a result, the damping decreases as the IBW power is increased. The threshold for 1/e pump wave power depletion is about 0.1 MW for 1% deuterium concentration, and 0.2 MW for 2%. Therefore, a deuterium minority concentration of a few per cent is necessary to provide full IBW power damping at the resonant layer. A much lower concentration than 0.1% is instead sufficient in the framework of linear theory. Therefore, for typical FTU hydrogen plasma conditions (n D 1%) quasilinear minority absorption should not prevent IBW penetration to the bulk.
Oxygen is the main light impurity in FTU, and the effect on the IBW propagation due to the ion cyclotron resonant layers occurring at the plasma edge must be considered. For a low dilution ( 0.5%), P I BW 0.1 MW, the quasi-linear damping does not produce strong IBW power deposition on the impurity. This threshold of concentration has been obtained assuming n e ≈ 0.5 × 10 20 m −3 . Increasing the density ( 10 20 m −3 ), the RF electric field decreases, thus producing a weaker distortion of the distribution function. In this case the quasi-linear effect increases the damping above that calculated in the linear approximation. As a result, the maximum oxygen concentration allowed for IBW power penetration increases to about 1%. These operating regimes are expected to be met in the IBW FTU experiment.
Metallic impurities at typical concentrations in FTU (≈1%) do not affect the RF propagation. However, as a consequence of the quasi-linear distortion of the distribution function, off-axis accumulation of impurities could be produced by transport of particles occurring at the respective ion cyclotron resonant layers [36] .
Non-linear IBW self-interaction damping
Non-linear ion cyclotron damping due to wave self-interaction could provide significant IBW power absorption at the resonances ω − k v = (m/2) ci , where m is an integer [37] . Thus, resonant layers corresponding to half-integer harmonics of the ion cyclotron frequency should be considered in calculating the IBW power deposition profile.
In a slab geometry and steady state conditions, the relevant equation needed to calculate the non-linear ion cyclotron damping is [39] :
where P 0 is the RF power before fractional harmonic damping, P f is the residual propagating power and α is the non-linear coupling coefficient and has been obtained in Eqs (3), (5) and (11) of Ref. [38] and Eq. (1) of this article. In Eq. (9) the IBW non-linear behaviour is expressed in terms of the RF power. This is possible because the proportionality constant between the squared electric field and the power is almost independent of the position in the fractional resonant layer. The fractional interaction occurs, in fact, in a thin layer (≈0.5 cm) in which the plasma parameters can be kept constant. In addition, in FTU the 9 2 cH layer is located about 22 cm away from the centre, on the low field side, far from the mode transformation and resonant layers.
A numerical code, which has been successfully tested for the same experimental scenarios considered in Ref. [38] , has been implemented to calculate the coupling coefficient α at any half-integer harmonic order. The results from this calculation show that the order of magnitude of the critical power for 1/e pump wave depletion is 1 kW. As ion temperature or density are increased, the power damping decreases. This result is due to the consequent lower value of the coupling parameter
The above expression for power damping was obtained neglecting the finite amplitude of the resonance. The width of the power spectrum s n has to be less than the width of the resonance r n . The width s ω of the assumed power spectrum in the frequency domain is lower than the width r ω of the resonance. The calculation of the resonance width can be obtained from the following inequality:
where ν eff is the effective collision frequency (p. 324 of Ref. [2] ). Therefore, in order to validate the non-linear power damping, the following conditions hold:
As a result, r ω = ν eff ≈ 200 kHz and r n ≈ 0.1. Non-linear interaction and damping can only be produced by components of the frequency and n spectra that allow the above conditions to be met. A higher power threshold (0.5 MW per port) for pump depletion can be obtained, taking into account the effect of the finite width of the resonance, in the n and ω space ( s ω/ω ≈ 0.1%).
Poloidal sheared flow induced by IBWs
Poloidal sheared flow can be generated by IBWs near an ion cyclotron resonant layer due to a ponderomotive interaction, as predicted in the framework of an incompressible fluid theory [5, 6] and observed on TFTR [11] . A more accurate evaluation of the effect was obtained by a compressible fluid model [7] . A kinetic model, which takes into account the predominantly electrostatic character of the wave has also been developed [7, 40] , whose basic mechanism can be described by a simple model of wave-particle interaction [41, 42] . In the region of the resonant layer, the wave-particle exchange of radial momentum is accompanied by a Lorentz force in the poloidal direction, due to the toroidal magnetic field. The radial gradient of the poloidal flow can decorrelate the electrostatic turbulence, thus improving plasma confinement [4, 12, 13] . for a shifted circle magnetic equilibrium, the shearing rate ω E×B of a turbulent structure, elongated in the direction parallel to the magnetic field, is given by [12, 43] :
where R = R 0 + (r) + r cos θ , (r) is the Shafranov shift and the radial electric field E r can be inferred from the radial momentum balance [42] :
In the hypothesis of sharp radial gradient of the electric field, the shearing rate is reduced to the radial gradient of the E × B drift. Moreover, if ∂E r /∂r is in turn dominated by the contribution of ∂v θ /∂r, such a quantity can be identified with the shearing rate ω E×B . This condition has been verified to occur in the analysis performed for the IBW FTU scenarios. When the shearing rate exceeds the ambient turbulence decorrelation rate ω t , fluctuation suppression occurs. For drift-wave-like turbulence it can be assumed [4] that ω t ≈ ω * e ck θ T e /eBL n (13) where ω * e is the electron diamagnetic frequency and k θ ≈ 1/ρ i . In the FTU plasma parameter ranges, the threshold shearing rate required to suppress turbulence is about 0.6 MHz as calculated near the 4 cH layer, where an IBW is expected to induce sheared flow.
The sheared flow can be obtained by solving the compressible fluid momentum balance equation [7, 40] , which, in the case of an IBW, can be a reasonable starting point,
The brackets denote the average over a magnetic surface and over a time longer than a wave period; µ neo is the neoclassical coefficient of viscosity that is mainly produced by the magnetic pumping. In Eq. (14) the perturbed velocities are proportional to the RF electric field via the mobility tensor. In performing the following calculations, we have verified that the power dissipated by the magnetic pumping is negligible with respect to the total power absorbed by the ions. Figure 11 . Profiles of (a) the ponderomotively IBW generated poloidal velocity and (b) its gradient, near the resonant layer. Three waveguide phasings are considered: 0-0 (solid curves) (n spectrum as in Fig. 2(a) ), 0-π/2 (dashed curves) (n spectrum as in Fig. 2(b) ) and 0-π (dotted curves) (n spectrum as in Fig. 2(c) ). The solid horizontal line in (b) shows the sheared rate threshold for turbulence suppression, while the vertical dotted line shows the location of the fourth ion cyclotron harmonic for hydrogen. A launched power of 0.5 MW is considered for all the spectra. The RF coupled power is calculated taking into account the respective RF power reflection coefficients: 20, 40, 60% for φ − π, π/2, 0, respectively (Fig. 12 ). Figure 11 shows (a) the calculated poloidal velocity and (b) its spatial gradient ∂v θ /∂r compared with the threshold expected for turbulence suppression in an FTU plasma as obtained using Eq. (9) . n launched spectra for waveguide phasing φ = 0, (n peak 2), φ = π/2 (n peak 2) and φ = π (n peak ≈ 5, symmetric spectrum) have been taken into account, assuming the same launched power (0.5 MW) for all the considered waveguide phasings. The coupled RF power has been calculated by the antenna reflection coefficient (at n e = 10 17 m −3 , see Fig. 9 ). As shown in Fig. 11 the threshold for turbulence suppression is exceeded near the resonant layer within a few millimetres. The shearing rate exceeds the threshold by about a factor of 10 for φ = 0, a factor of 4 for φ = π/2 and a factor of 2 for φ = π .
It can be verified that a linear proportionality occurs between the coupled power and the poloidal velocity. Therefore, the estimated turbulence suppression IBW power threshold for FTU is 0.05 MW for the φ = 0 spectrum, 0.1 MW for the φ = π/2 spectrum and 0.25 MW for the φ = π spectrum. As a result, the most efficient spectrum for turbulence suppression is the fastest ( φ = 0) (Fig. 11, solid  curve) . In this case, in fact, all the power is concentrated at low n , which gives the main contribution to the shear flow. The residual high n components (n 5) are absorbed via ELD before reaching the ion cyclotron resonance. Moreover, when the power available for the ions at the resonance is distributed over a larger n spectrum (as in the cases φ = π/2 and φ = π), the shear flow is lower and the zone of the plasma where it is generated is larger.
The effect of plasma density and temperatures on the sheared flow is discussed below. Assuming a plasma target with a higher density the poloidal velocity, and the shearing rate decrease due to the consequent reduction of the squared amplitude of the RF electric field (see Eqs (1) and (28)). With a higher electron temperature, the sheared flow also reduces as a result of increased ELD. On increasing the ion temperature the velocity profile becomes smoother owing to a broader ion cyclotron absorbing layer.
The calculation of the sheared flow has also been performed assuming the experimental plasma electron density and temperature profiles measured during the initial IBW FTU experiment [33] . Neoclassical ion temperature profiles have been utilized. As a result, the shearing rate does not change significantly with respect to the one shown in Fig. 11 . The radial electric field associated with the IBW sheared flow, which is higher than the neoclassical contributions, is about 0.3 kV/cm.
Turbulence suppression for the IBW FTU experiment has been studied considering a kinetic plasma model [7, 8, 9] . As a result, the shearing rate in FTU is ≈4 MHz with 0.3 MW IBW power. Consequently the RF power threshold for turbulence suppression is about 0.05 MW; this value has been calculated assuming the aforementioned linear dependence between the poloidal velocity and the IBW power. Therefore, the kinetic threshold is in the range of the one estimated by the fluid model.
In conclusion, both kinetic and fluid approaches give as a result that the shearing rate threshold for turbulence suppression can be sufficiently exceeded by coupling in a few hundred kilowatts. Such a power is within the range of the RF power available in the IBW experiment on FTU (0.5 MW by one antenna, 1.5 MW by three antennas).
Improved confinement was found during the IBW FTU experiment operating at low power (only one antenna and one RF generator at 0.4 MW of power) [34] . This result is consistent with turbulence suppression by the IBW induced sheared flow.
Since in FTU the ion transport is neoclassical for the operating regime [44] , turbulence suppression by IBW could improve electron confinement [45] . Such an effect is not in contradiction with experimental evidence, which supports flows not affecting electron transport. This evidence, in fact, is only provided by experiments operating at high β [46] .
One megawatt of IBW power supplied by two antennas is planned to be injected on FTU, and fluctuation measurements will be available. Therefore, the effects of IBW on the bulk plasma will be tested over a wide range of operating plasma parameters.
Parasitic phenomena in the scrape-off plasma
An analogy exists between the heating schemes of IBW and the lower hybrid ion heating. In both cases the electrostatic LH wave propagates in the plasma containing the cold LH resonant layer. Although the LH scheme was proposed to heat the plasma ions, no sign of RF power penetration into the interior was observed in the LH ion heating experiments, despite the observed good antenna coupling. Such a result showed that RF power propagation in the plasma interior was inhibited. Therefore, one could ask why the similar IBW scheme should have to work. This doubt is also supported by the results of some unsuccessful IBW experiments. An an example, the IBW experiment on DIII-D produced results very similar to those of the LH ion heating experiments, showing no plasma bulk heating and parametric instabilities [20] . Moreover, no robust method has been tested during the IBW experiments carried out so far to show efficient control of the IBW power coupling to the bulk plasma. The chance of success of an IBW experiment depends mainly on the capability of understanding and controlling the non-linear phenomena induced by the launched electrostatic wave at the plasma edge. Non-linear wave-plasma interactions can efficiently arise when the strong turbulence threshold is exceeded. This occurs when the energy density of the launched electrostatic wave is higher than or comparable to the thermal plasma energy density [47] . The condition of strong turbulence can be evaluated in terms of the ponderomotive potential. In the IBW operating frequency range, this has the form [48] 
The relation RF /T e ≈ 1 is the condition for strong turbulence onset and the necessary condition for the occurrence of nonlinear wave-plasma interactions. The type of interaction and its influence on the wave coupling, propagation and damping need to be evaluated for specific cases. The condition of strong turbulence was exceeded by orders of magnitude, in the colder region of the scrape-off plasma, in all the previous IBW heating experiments which operated in the same range of frequency (≈100 MHz). For the IBW FTU scrape-off layer, considering the maximum value of the electric field amplitude available by full wave analysis in the mode conversion layer, the above threshold is of the order of unity (n e ≈ 10 18 m −3 , T e ≈ 10 eV). Non-linear phenomena should not dominate the IBW FTU experiment, as has occurred in other experiments. However, their role will be analysed in the framework of the available models.
The role of ponderomotive effects on plasma density, RF sheaths and parametric instabilities in the IBW FTU experiment is summarized below.
The ponderomotive interaction of the RF electric field on the charged particles of a magnetized plasma can modify the plasma density profile in front of the antenna. A strong change of the antenna coupling due to an increased level of RF power was found in the IBW experiment on DIII-D [49] . For the low operating frequency used in this experiment (30-60 MHz), the typical ponderomotive potential was one order of magnitude higher than the plasma temperature in the scrape-off layer. In the IBW experiment on FTU, the ponderomotive change of the plasma density profile near the antenna is weak, as it results from a self-consistent calculation in a slab plasma model [25] . The high operating frequency (433 MHz) used in the IBW FTU experiment is the main reason for the reduced effect of RF electric field on the plasma density. Consequently, the waveguide antenna coupling depends mainly on the plasma density at the antenna mouth, as found in the linear analysis [25] . Such a conclusion is supported by measurements of the FTU antenna coupling, which show a linear behaviour of the reflection coefficient when increasing the coupled RF power [27] . This is an original feature of the IBW experiment on FTU showing that the antenna coupling is not dominated by ponderomotive effects as observed in previous experiments. In fact, the antenna coupling in FTU is only determined by the plasma density in front of the antenna that can be controlled by setting the antenna position properly.
The control of the edge plasma density by the waveguide antenna positioning allowed by the high operating frequency also provides an important tool to inhibit the onset of parametric instabilities in the IBW experiment. Parametric instabilities can be responsible for the poor penetration of the launched RF power observed during the experiments [50] . The analysis identified the sidebands of the frequency spectra observed in the RF probe signals to be parametric instabilities of LH waves driven by an ion cyclotron quasi-mode [51] . Incidentally, such a result supplies a further analogy between the IBW and LH ion heating experiments. The first evidence that stronger plasma edge heating was accompanied by a higher sideband level was observed in DIII-D [21] . In the present section the RF power threshold of parametric instability is calculated considering the FTU plasma parameters. The considered waveguide antenna geometry is as in Ref. [29] . The analysis is performed following Ref. [49] . The parametric dispersion relation is solved for a plasma slab,
where (ω 0 , k 0 ) and (ω 1,2 k 1,2 ) refer to the pump wave and to the sidebands, respectively, and (ω, k) to the low frequency wave; is the dielectric function and µ 1,2 are the wave coupling coefficients of the two sidebands. As a result, the highest growth rate is obtained for parametric instability driven by an ion cyclotron quasi-mode. Both the pump and sidebands are LH waves. The RF electric field threshold of the pump wave is calculated taking into account the convective losses due to the finite extent of the pump wave (as in the standard calculation for the LH heating scenario) and those due to plasma inhomogeneity. However, in the IBW coupling scheme, where the LH IBW mode conversion is typically located in the scrape-off layer, the plasma inhomogeneity convective loss mainly determines the threshold when the launched wave approaches the mode conversion layer. The convective amplification factor is
where γ is the homogeneous growth rate, M x is the component of the mismatching wave vector M = k 1 − k + k 0 along the direction of the inhomogeneity gradient x (this wave vector vanishes at the interaction point x = 0) and v g1x is the group velocity component of the sideband. The instability can grow and become significant for A > 1. The RF power threshold of parametric instability in FTU is shown versus the edge plasma density in Fig. 12 . The RF power reflection coefficient of the antenna is also reported to check the compatibility of the operating condition required to reduce the parametric instability with a sufficient antenna coupling. A good compromise is obtained if the antenna is located in a scrape-off position with density n e ≈ 3×10 17 m −3 , which provides both high RF power threshold of parametric instability (P th > 1 MW) and sufficient antenna coupling (<35% by a suitable waveguide phasing).
Plasma-wall interactions due to RF sheaths can occur in the ICRF range [52, 53] . While operating with fast waves, this phenomenon was recognized to produce strong impurity influx and gas desorption by ion impact on the vacuum vessel metallic wall. The ions were accelerated by the electric field originated in the RF sheath. The spurious fast wave component of the electric field, aligned along the confining magnetic field, intersects with the metallic surface. The effects of this phenomenon are reduced if the spurious E component of the coupled fast wave is reduced. This condition can be achieved with a proper alignment of the antennas with respect to the confining magnetic field. In the IBW scheme, instead, the polarization required to couple the slow wave imposes a wave electric field fully aligned to the toroidal magnetic field. This allows the occurrence of RF sheath effects. Previous IBW heating experiments, such as PBX-M [14] , were affected by a strong influx of impurities, probably caused by the RF sheath formations, responsible for the strong density rise observed during IBW injection [24] . In Ref. [24] , a comparison between the RF sheath effect as expected for the conventional IBW launching system of PBX-M (loop antenna, operating frequency 47 MHz) and the one predicted for FTU is performed. The results are summarized here. The ions accelerated in the sheath, whose energies are numerically calculated by a 3-D orbit model and consideration of the self-consistent electric field, gain full energy only in the case of the standard IBW experiment operating at low frequency. Moreover, RF sheaths are expected to occur far from the antenna (1 m), due to the scrape-off wave propagation in the toroidal direction. The energy range of the accelerated ions was found between 0.2 and 0.7 keV and lies near the maximum cross-section for hydrogen desorption by ion impact and for physical sputtering of impurities. On considering the FTU parameters, the ions accelerated in the sheath are not expected to gain the full energy. This possibility was expected, instead, for an IBW experiment operating at a lower frequency. In addition, in the FTU waveguide antenna, RF sheath formation is expected only on a metallic wall intercepting an open line of the static magnetic field up to about 1 m from the antenna. Instead, in a typical previous IBW experiment the Faraday screen and the metallic walls, located throughout the vacuum vessel, could easily originate the RF rectification layers.
In conclusion, in the IBW FTU experiment the influence of non-linear phenomena, occurring in the plasma edge, on the RF power propagation in the bulk should be less important than in previous experiments. The high operating frequency and the waveguide antenna are original features that provide a linear antenna-plasma coupling behaviour. In addition, both low parametric instability activity and RF sheath formation are expected. Consequently, the induced RF power deposition at the plasma edge and the impurity influx should be low. Nevertheless, modulation instability could produce n and frequency broadening of the launched wave spectrum, thus enhancing the RF power deposition in the plasma periphery [54] . This is, however, a common feature of all the experiments that utilize the slow electron plasma wave.
Comments and conclusions
Non-linear plasma-wave interactions at the plasma edge dominated the experimental scenario of previous IBW experiments. These interactions are the main cause that prevented the reproducibility of the heating and confinement effects of IBWs. A sufficiently robust method for IBW coupling has not been found yet since all these experiments operated in the same frequency range and utilized similar antennas. Thus, the IBW concept still needs to be fully assessed to be successfully applied to the advanced tokamak scenarios. The high operating frequency and the innovative antenna design will allow the IBW FTU experiment to provide a clear experimental scenario for IBW testing in a new regime. Under these conditions, the wave-plasma interactions will not be dominated by non-linear edge phenomena and strong influx of impurities.
Bulk ion heating was the original motivation of the IBW heating scheme.
More recently, theoretical and experimental results showed that IBWs can produce sheared flows. Therefore, IBWs could be used to suppress turbulence and improve transport. On FTU, the majority ion IBW power deposition occurs at the fourth harmonic cyclotron layer. The amount of IBW power available for majority ion deposition has been calculated for the FTU hydrogen plasma in the framework of the quasi-linear theory. Power transfer to the electrons through ELD is the major cause for the reduction of the IBW power that is available for ions. Such an effect is enhanced when IBW propagation in toroidal geometry is taken into account. As a result, about 30% of coupled IBW power is available at the resonant layer for ion deposition in FTU. Such a significant ELD is intrinsic for the electrostatic waves utilized in the scheme of the IBW-slow-wave launch. It can contribute (with parasitic non-linear plasma edge phenomena) to explaining the poor IBW power penetration in the bulk observed in some experiments.
The electromagnetic effect reducing the ELD is expected to be weak in standard FTU plasma operations. It can become important, however, during pellet injection and LHCD. This is due to the fact that these two applications can both increase the plasma β (n e0 > 1 × 10 20 m −3 , T e0 > 3 keV, B T ≈ 8 T). A further factor reducing IBW power penetration in the core is the cyclotron damping on deuterium minority ions. Such an effect has been evaluated in the framework of quasi-linear theory. Results show that a pure hydrogen plasma is required for the FTU experiment (with deuterium dilution less than 2%) in order to allow significant IBW power deposition on the majority ions. Furthermore, cyclotron damping of IBWs on impurities can also occur. A low concentration of heavy (<0.1%) and light (1%) impurities is necessary. This operating condition is allowed in FTU. IBW non-linear damping at the 9 2 cH layer located at r/a ≈ 0.7 can also inhibit penetration of the IBW power, when operating at RF powers of at least 0.5 MW per port.
Finally, coupling of about a few hundred kilowatts of IBW is sufficient to deposit enough power to the majority ions at the resonant layer in the FTU plasma and induce an E ×B sheared flow. This sheared flow is able to suppress drift-wave-like turbulence and improve confinement. Such an effect can be invoked to explain the plasma heating results observed in the first IBW FTU experiment.
The strong ELD of IBWs can play a role in experiments of synergy with LHCD. The quasi-linear IBW electron damping can produce a local increase of the LHCD efficiency, which results in the generation of spatially localized current channels. The FTU configuration has the unique capability to explore this regime and the potential of the two wave launching systems in combination.
The high operating frequency and the waveguide grill antenna of the IBW experiment on FTU provide operating conditions useful to reduce parametric instability. The impurity influx is expected to be moderate, as no Faraday shield is utilized. RF sheaths occur only in a small part of the vacuum vessel, due to the short wavelength of the LH propagating wave in the scrape-off layer. As expected, the antenna coupling exhibits a linear behaviour versus the RF power, as no significant change of the edge plasma density is observed during the experiment.
The original features of the experiment on FTU provide a clear experimental scenario, which is required for testing the robustness of the IBW heating scheme. Such a test is crucial for future IBW concept application to advanced tokamaks.
Appendix A Analytical calculation of electromagnetic ELD
In this Appendix, an analytical calculation of the electromagnetic ELD, relevant for any ion cyclotron harmonic, is shown. The results are compared with those obtained in the electrostatic limit. Numerical solutions of the full hot electromagnetic dispersion relation in slab geometry have shown that the propagation and the ion damping properties of the IBW can also be accurately obtained in the electrostatic approximation. On the other hand, the electrostatic approximation overestimates the ELD. The full electromagnetic damping rate on the plasma species can be written as (18) where α x = E x /E z and α y = E y /E z are the polarization coefficients, and Re,I m ij are the real and imaginary parts, respectively, of the dielectric tensor elements [3] . In order to obtain a useful analytical expression for the ELD relevant to the IBW heating scheme, the same procedure used to calculate the electrostatic dispersion relation given in Ref. [10] was followed. An appropriate ordering scheme is defined to calculate the above elements of the dielectric tensor. This is similar to the ordering utilized to solve the ray equation in toroidal geometry. The condition for the presence of the Nth cyclotron harmonic resonance inside the plasma requires (ω − N ci )/ω = O( ) where = a/R is the inverse aspect ratio, with a (R) being the minor (major) radius of the torus. Near the cyclotron resonance, the absorption is significant for N 1 as long as k ⊥ ρ i 1, with k ⊥ being the wave vector component perpendicular to the confining magnetic field and ρ i the ion Larmor radius. In the opposite limit, k ⊥ ρ i 1, the resonance contribution to wave damping is small. Therefore, we assume k 
I m xy (ion) = −ω
whereω pe/i = ω pe/i /ω 0 ,ˆ ce/i = ce/i /ω 0 ,v the/i = v the/i /c, x = x − x res is the distance from the resonant layer radius, ω 0 is the applied frequency and x 0e = ω/k v the . It is worth noting that in Eq. (19) , the cancellation of the term n ⊥ n makes the first term on the RHS of the same order of magnitude as the second term I m zz . Regarding its propagating behaviour, the IBW is essentially an electrostatic wave. However, the electromagnetic correction in the damping calculation is important. Equation (19) 
which gives the electrostatic ELD. From Eq. (25), we obtain the following condition on β which accounts for the electromagnetic effect in the damping calculation, 
This result coincides with the one found in the 2 ci limit in Refs [1, 3] . Nevertheless, our analysis showed that the electromagnetic corrections relevant for the IBW dispersion relation persist at any ion cyclotron harmonic.
Appendix B Analytic solution of ray tracing equations
In this Appendix, some details on the analytical solution of the ray tracing equations are provided. The analysis is based upon an asymptotic expansion of the ray equations for k ⊥ ρ i ≈ N = O( −1 ) and when ω − N ci /ω ≈ O( ) [10] , where N is the resonant harmonic number of the majority ion, ρ i is the ion Larmor radius and is the inverse aspect ratio. The Hamiltonian of the ray equation system is the simplified hot electrostatic dispersion relation
The solution of the ray equations gives the parallel wavenumber variation along the trajectory: 
= T i (a)/T i (0), T i (0)
and T i (a) are the central and edge ion temperatures, θ 0 is the poloidal launching angle calculated at the lower hybrid resonance layer,ρ i is the ion gyroradius normalized to c/ω, n 0 is the launched wavenumber, x is the distance from the resonance location which, for the sake of simplicity, has been assumed to be in the plasma centre. The oscillation frequency of n is given by (31) where q(x) and T i (x) are the safety factor and ion temperature profiles. For launching angles θ 0 (r lh ) = 0, the amplitude of the sine function in Eq. (29) can be very large, thus n oscillates with a very large peak value, and the wave can be absorbed when the condition n α ELD / √ T e (with α ELD ≈ 3-5 and T e in kiloelectronvolts) is satisfied. The calculation of the launching angle is based on the analytical solution of the ray equations in the lower hybrid range of frequencies [55] . The following expression is found for the poloidal angle θ 0 : 
The starting poloidal angle in Eq. (29) must be replaced by the value given by Eq. (32) , when x = r/a = x lh = r lh /a. This takes into account the propagation of the wave in the scrapeoff plasma. Even if the ray starts with poloidal angles close to zero at the edge, on the mode transformation layer the starting angle for the IBW branch can be very high.
